We have studied the spatial distribution of the critical current density in YBa2Cu30,-6 ramp edge Josephson junctions using low-temperature scanning electron microscopy. Applying this technique allows the imaging of the critical current density distribution with a spatial resolution of about 1 pm. Our measurements show that the geometry of the ramp-edge junction eases the trapping of magnetic Aux quanta in the YBa,Cu,O,-s layer covering the ramp edge. These trapped flux quanta result in a spatially inhomogeneous magnetic field parallel to the barrier layer, which in turn results in a spatially modulated supercurrent density and an unusual magnetic field dependence of the critical current.
Since the discovery of high-temperature superconductivity a variety of approaches to achieve useful Josephson junctions have been developed. Beyond the different types of engineered grain boundary Josephson junctions (e.g., see Ref. 1) epitaxial multilayer junctions with artificial barrier?
seem to be satisfactory and promising for many electronic applications. The latter type may provide good control of the junction parameters such as the critical current density. Moreover, artificial barrier layer junctions using the ramp-edge geometry 3-5 offer the use of c-axis oriented films providing the longer a&plane coherence length parallel to the current flow.
Although the fabrication process and the superconducting transport properties of ramp-edge Josephson junctions have been studied intensively the physical nature of these junctions is not yet completely understood. In particular, there is little knowledge on the spatial homogeneity of the current density in these junctions. In this letter we report on the spatially resolved analysis of the current flow in YBa,Cu,07-6/PrBa&u,0~-~/YBa&u~O~-~ ramp-edge Josephson junctions using low-temperature scanning electron microscopy (LTSEM).6p' By LTSEM we can show the influence of flux trapping in the top YBa,Cu,O,+ layer covering the ramp region on the spatial distribution of the supercurrent density and its impact on the resulting magnetic field dependence of the critical current. the next step the thin PBCO barrier layer with a thickness ranging between 8 and 30 nm and the YBCO top layer are deposited. Before depositing these layers the ramp is cleaned using a low energy Ar ion beam. The width w of the junctions investigated by LTSEM ranged between 5 and 25 ,+m. The critical temprature T, of the base electrode typically was about 90 K, whereas that of the top electrode usually was slightly lower. The critical current density J, and the product p,, = Rfi of the normal r&istance R, and the junction area A depends on the barrier thickness. For the investigated sample we had J,== 1 X lo4 A/cm' and p,,=25 fl pm' at 4.2 K. The I$, product of the junctions typically was 2 mV at 4.2 K. The Josephson penetration depth A, estimated from the measured J, values was about 5 pm at 4.2 K, that is, the investigated junctions could be considered as narrow junctions (w<4x,).* The investigated ramp-edge junctions were fabricated in a two-step process. A cross-sectional view of the junction is shown in Fig. 1 . In the first step a 100-nm-thick c-axis oriented YBazCu307-n (YBCO) base electrode and a 150-nmthick insulating PrBa,Cu,O,-s (PBCO) layer are deposited in situ on a SrTiO, @TO) substrate using off-axis magnetron sputtering. Then a ramp in the YBCO/PBCO bilayer is produced in an ex situ process using optical lithography and Ar ion beam etching. An incident angle of the ion beam of about 45" was used to obtain a ramp with a slope of about 20". In For our LTSEM experiments the ramp-edge junctions are mounted on a temperature stabilized low-temperature stage9 in such way that they can be scanned directly by the focused electron beam of a scanning electron microscope. Details on the application of LTSEM to the study of high T, thin film sample can be found in Ref. 7 . The effect of the electron beam can be considered as a local heating effect resulting in an increase ST, of the sample temperature at the beam position. During the scanning process the sample is current biased at a value I,aI, and the electron beam induced change SV(x,y) Since the spatial extension of the ramp-edge junction in the x direction (see Fig. 1 ) is less than the spatial resolution of our imaging technique (-1 pm) we only will discuss W(y). In the following we consider a quasi-one-dimensional Josephson junction with. a sinusoidal current-phase relation J,= J, sin 4 extending in the y direction with the barrier parallel to the yz plane. Here, 4(y) is the phase difference function and L the spatial extension of the range-edge junction in y direction. There is both a local (81:) and a nonlocal signal contribution (SI, I* 6 lo>11 For the case of narrow Josephson junctions (Ws4h,) and small perturbation applying to our experiments, the latter contribution usually can be neglected." The integral in Eq. (2) can be approximated by U,(y,)sin #'yo)h, where A-l pm is the width of the region perturbed by the electron beam. Since in good approximation ac(yo) ~J,(yo), the electron beam induced signal is obtained to cTV(yoj-zh g 9 J,Cvosin I, (4) I'Ib that is, the electron beam induced signal is proportional to J,(y,)sin &yo). Hence, for Jc(yo)=const we have qYo>~s~ 4sbo). For narrow Josephson junctions shielding effects can be neglected and an external magnetic field H applied in z direction penetrates the junction homogeneously. This causes a linear increase of the phase difference 4(y) =qy along the y direction, where q = (2ed,lfic)H and d, = 2X, + barrier thickness is the effective magnetic thickness of the junction. Then, for a junction with J,(yo) =const we expect SV(yo)Ksin(qyo), i.e., SV(yo) varies sinusoidally along the junction in agreement with recent experimental results." A spatially inhomogeneous critical current density will result in a spatial variation of the oscillation amplitude.
Although the investigated ramp-edge junctions represent narrow junctions, here the situation is different. A magnetic field applied parallel to the z direction is not penetrating the barrier region homogeneously due to the upper YBCO layer covering the ramp region. As shown schematically in Fig. 1 the magnetic field is expected to pierce the top YBCO layer in form of Abrikosov vortices, if the applied field is larger than the lower critical field of this film. Within the Abrikosov vortices the field is confined to a tube of diameter -2X,. Although the field is spreading out in y direction within the barrier region, a strongly inhomogeneous field distribution along the junction is obtained. The effect of the inhomogeneous field distribution on the supercurrent distribution and the LTSEM signal is shown in Fig. 2 . Here, we have plotted the field distribution caused by two trapped vortices together with the resulting phase difference function and the expected LTSEM signal versus the normalized junction width. For the magnetic field generated by trapped Abrikosov vortices in the barrier region we have assumed Gaussian profiles. Fig. 1 ). The extension of the junction in the x direction, i.e., the length of the ramp, cannot be derived from our measurements due to the limited spatial resolution of the LTSEM technique. Figure 3 shows that in x direction the signal is restricted to a width given by the spatial resolution of about 1 ,um.
According to the above discussion the LTSEM images shown in Fig. 3 strongly suggest that the observed spatially modulated supercurrent density is caused by trapped vortices. The trapping position of the vortices is about equal to the position where the LTSEM signal is changing sign. Both LTSEM images are obtained for the same ramp-edge junction, however, with a different number of trapped vortices. The vortices are trapped during cooling down below T, in a magnetic field of the order of the earth magnetic field, since no magnetically shielded sample holder was used. After warming up the sample above T, and cooling down again, usually a different number of vortices, which also were trapped at different positions, was observed. In order to check whether the observed spatial modulation of the Josephson current density is indeed caused by trapped vortices we applied an external magnetic field and changed the bias current. Applying a small magnetic field in z direction hardly did change the voltage images. It is likely that the small applied magnetic fields are completely shielded by the YBCO film covering the ramp edge. Varying the bias current only changed the absolute magnitude of the electron beam induced voltage signal but not its spatial modulation.
In Fig. 3(a) the number of trapped flux quanta is small. Here, the LTSEM signal SV(y,) shows a plateau in the junction regions between the vortices in agreement with the above model calculations. However, the LTSEM signal is not varying smoothly along the junction as the calculated dependences shown in Fig. 2 . This is caused by the spatially inhomogeneous critical current density of the ramp-edge junction. Note that without trapped vortices [ $(yo -const] one has SV(yo)~J,(yo).
In this case the spatial variation of J, (yo) can be measured directly. Unfortunately, due to the magnetically unshielded sample environment we could not obtain a situation with no trapped vortices. Nevertheless, our measurements allow us to estimate that the spatial variation of the critical current density of the investigated ramp-edge junctions is less than a factor of 2. This variation is much better than that usually observed for YBCO step-edge grain boundary junction." However, more samples have to be studied in a magnetically shielded environment to confirm this preliminary result.
In summary, we have measured the spatial distribution of the supercurrent density in YBCO ramp-edge junctions using LTSEM. The observed spatial modulation of the supercurrent density could be attributed to the presence of Abrikosov vortices which are trapped in the YBCO layer covering the ramp edge. The problem of flux trapping should be taken into account in future designs of this junction type.
